The rates of washout of m X e and 131 I-iodoantipyrine from the myocardium into the coronary sinus blood were determined over a wide range of hematocrits after simultaneous injection of the isotopes into the left anterior descending coronary artery of dogs. The ratio of the monoexponential disappearance constants (k x /k,), which is a measure of the ratio of the dynamic blood-tissue partition coefficients (X b , x /X btI ), increases linearly with hematocrit. This dynamic X bI ratio has almost the same relationship to hematocrit as the static X bt ratio. By the use of appropriate hemotocrit-specific X b , values, we found that simultaneous blood flows calculated from the two indicators with different disappearance constants showed excellent agreement. If this hematocrit-dependent alteration in indicator partitioning is neglected, blood flow measurements in the dog with 133 Xe washout may introduce an error of approximately 1.15% per unit hematocrit deviation from the normal value (taken as 45%), whereas blood flow measurements with ' "I-iodoantipyrine washout had negligible errors.
THE RATE of disappearance or the rate of washout (k) of a freely diffusible indicator from a tissue depends on the relative affinity of blood and tissue for the indicator (blood-tissue partition coefficient, X bt ) and the rate of blood flow (F, in ml/100 g per min) through the tissue.' k = FX bt /100. (1) X b t is a complex variable that is dependent on the hematocrit and two hematocrit-independent partition coefficients: the plasma-tissue partition coefficient (X pt ) and the cellplasma partition coefficient (X cp ). 2 Experimental studies in the dog have shown that the values of X cp for 133 Xe and l3) I-iodoantipyrine differ significantly, whereas the value of X p , for these two indicators are more similar. 2 I3 'Iiodoantipyrine has a cell-plasma partition coefficient (X cpl ) of approximately 1, therefore variations in hematocrit will not significantly change its blood-tissue partition coefficient (X bl ,), the reciprocal of which is used to convert the rate of 131 I-iodoantipyrine washout (k|) into blood flow (F,): F, = 100 k,/X blI .
(
On the other hand, the cell-plasma partition coefficient for l33 Xe (X cpX ) in the dog is greater than 3. Therefore, an increase in hematocrit would raise the value of the bloodtissue partition coefficient (X bix ) and reduce the factor (1/ X btx ) used to convert the rate of l33 Xe washout (k x ) into blood flow (F.x): F x = 100k x /X btx .
(3) These predictions based on static measurements made after blood-tissue equilibration 2 from the coronary sinus after the simultaneous injection of 133 Xe and 131 I-iodoantipyrine into the anterior descending coronary artery. These data on k x and ki, together with previously determined values of X btx and X bt] , 2 were used to calculate F x and F^ respectively. A comparison of F x and Fi over a wide range of hematocrit values provides direct evidence of the validity of the use of X bt values in calculating coronary blood flow from indicator washout curves.
Methods

SURGICAL PREPARATION OF THE EXPERIMENTAL ANIMAL
Mongrel dogs (15-20 kg) were anesthetized with sodium pentobarbital (30 mg/kg, iv), intubated, and ventilated with a mixture of room air and oxygen to ensure an arterial O 2 saturation of at least 95%. The left common carotid artery was cannulated for the withdrawal of blood and monitoring of pressure. The left external jugular vein was cannulated for the administrations of sodium heparin (an initial dose of 5,000 U plus 2,500 U every 30 minutes), maintenance doses of pentobarbital, and packed red cells or plasma. Following a left thoracotomy at the 5th intercostal space, the pericardium was opened, and a needle-catheter was inserted into the coronary sinus. The needle-catheter consisted of a 3 /s-inch, 25-gauge hypodermic needle, with the hub removed, fitted to a piece of polyethylene ubing. Needle-catheters were also inserted into the descending aorta and the left anterior descending coronary artery approximately 1-2 cm from its origin. Placement of the needle in the coronary artery was verified by pressure recording.
ADMINISTRATION OF ISOTOPES
The isotope mixture (100 /xCi of 131 I-iodoantipyrine and 100 /J.C\ of 133 Xe in 30 ml of saline) was delivered into the left anterior descending coronary artery with the use of a syringe pump at a rate of 0.165 ml/sec for 9 seconds. The pump was then stopped for 9 seconds, and finally reversed to withdraw isotope-free blood into the catheter for 9 VOL. 40, No. 5, MAY 1977 seconds. This procedure ensured the termination of the entrance of the isotopes into the coronary artery.
DETERMINATION OF ISOTOPE ACTIVITIES IN BLOOD
Blood samples were drawn from the coronary sinus and descending aorta into previously labeled, weighed, and evacuated counting vials. Samples were taken before isotope administration and then at 0.5-minute intervals for 4.5 minutes after the onset of injection.
The activities of the radioisotopes were determined in two channels of a three-channel gamma ray spectrometer. By using the interchannel count ratio of standards prepared in saline, the activities of 131 I and 133 Xe in each blood sample were calculated [counts per minute (cpm)/ml].
DETERMINATION OF RATES OF ISOTOPE WASHOUT AND CALCULATION OF BLOOD FLOW
The isotope activity in the arterial blood was approximately 1.5% of the simultaneous coronary sinus blood activity for 133 Xe and approximately 10% for 131 I-iodoantipyrine. Since recirculation of the indicator may distort the washout curve, 3 an attempt was made to correct for isotope recirculation by subtracting the arterial activity from the simultaneous coronary sinus activity. The corrected coronary sinus activity was plotted semilogarithmically against time, and the initial monoexponential washout curve was used for flow analysis. The slope of such an initial monoexponential washout most likely represents that for the muscle as opposed to fat deposits 4 " 6 and it is less affected by Xe bypass diffusion. 7 The time intervals required for the l33 Xe and 131 I-iodoantipyrine activities to reduce by one-half are graphically determined as tj x and tji, respectively. The disappearance rate constants for 133 Xe (k x ) and l3l I-iodoantipyrine (k,) were determined as 1 0 'k x = 0.693/t lx k, = 0.693/tj,.
The blood flow per unit weight of myocardium was calculated using Equations 2 and 3. When the blood-tissue partition coefficients (X' btx and X' btl ) corrected for trapped blood in myocardium 2 are used, the corrected blood flows F' x and F', can be calculated as
If F'I = F'x, combination of Equations 6 and 7 gives X' btx /X' blI = k x /k,.
That is, the ratio of the slopes of washout for these two flow-limited indicators reflects the ratio of their bloodtissue partition coefficients under this dynamic condition. 8 -9
ALTERATION OF HEMATOCRIT LEVELS IN THE CIRCULATION
Hematocrit levels were changed by the infusion of either packed red cells or plasma (separated from fresh, heparinized blood obtained from a donor dog) into the external jugular vein and simultaneous withdrawal of whole blood from the common carotid artery at the same rate (approximately 25 ml/min). 
Results
Twenty-four simultaneous injections of 131 I-iodoantipyrine and 133 Xe were made into the left anterior descending coronary artery of seven dogs with hematocrit levels varying from 8.5% to 72.0%. The washout of 131 -I-iodoantipyrine and l33 Xe into the coronary sinus blood is shown in Figure 1 for one of these experiments (hematocrit = 10.0%). The ratio of the slopes for l33 Xe and 131 I-iodoantipyrine (k x /k| = tji/tjx) was 1.08. Figure 2 shows the results of an experiment at a hematocrit of 72.0%, and the ratio k x /k, was 1.71. A composite plot of the results for all 24 injections (Fig. 3) shows that k x /k, increased with increasing hematocrit (coefficient of correlation = 0.76, P < 0.001).
The blood-tissue partition coefficient of an indicator determined after tissue equilibration may be corrected for the blood trapped in the myocarial tissue. 2 In the 133 Xe experiments, the blood flow (F x ) calculated with the use of the uncorrected \ btx is generally higher than the flow (F' x ) calculated with the use of the corrected A' bix by approximately 6% (Fig. 4 ). In the 131 I-iodoantipyrine measurements, the blood flow (F,) calculated with the use of the uncorrected \ blI is only approximately 3% higher than the flow (F',) calculated with the use of the corrected \' b u (Fig. 5) .
The blood flows calculated from the simultaneous washout of the two indicators (F' x and F',) are compared in Figure 6 , and the results show excellent agreement with the theoretical 1:1 correlation. The regression equation (solid line in Fig. 6 ) is F', = 0.82F' x + 5.10. (9) The coefficient of correlation between F' x and F^ is 0.94 (P < 0.001).
The blood flow, F' x , at a given hematocrit is properly calculated with the use of k x and the \' b t x obtained for that hematocrit (Eq. 6). If a constant \' blX obtained at a hematocrit of 45% is used for blood flow calculation at all hematocrits. the resultant F' X45 would be in error as the hematocrit deviates from 45%. The ratio F' X45 /F' X increases almost linearly with hematocrit (Fig. 7A) . The data indicate approximately 1.15% error in flow calculation per unit change in hematocrit when the effect of hematocrit on X' btx is neglected in the dog. In comparison, 10 20 30 40 50 60 F x (ml/lOOg/min.)
FIGURE 4 Comparison of blood flow (mlII00 g per min) calculated with the blood-tissue partition coefficient for l33 Xe uncorrected for trapped blood (F x , abscissa) and blood flow calculated with the corrected blood-tissue partition coefficient for 133 Xe (F' x , ordinate). The regression line fitted to the data (solid line) deviates slightly from the theoretical 1:1 relationship (broken line), indicat-
ing that values ofF x are generally 6% too high. Solid dots indicate two superimposed data points.
the variation of the flow ratio F' I45 /F', with hematocrit is insignificant for 13l I-iodoantipyrine (Fig. 7B ).
Discussion
The rate of disappearance of an indicator from a tissue is dependent on the volume of blood flowing through the tissue per unit of time and the relative affinity of blood and tissue for the indicator (Eq. 1). The blood- Fj (ml/100g/min.) FIGURE 5 Comparison of blood flow (ml/100 g per min) calculated with the blood-tissue partition coefficeint for l3 'l-iodoantipyrine uncorrected for trapped blood (F,, abscissa) and blood flow calculated with the corrected blood-tissue partition coefficient for l3 '/-iodoantipyrine (F',, ordinate) 
FIGURE 6 Comparison of blood flows as determined with 133 Xe (F' x ) and with l3 '/-iodoantipyrine (F',) after their simultaneous injection. The regression line fitted to the data (solid line) is in good agreement with the ideal 1:1 flow correlation (broken line).
tissue partition coefficients for the indicators 133 Xe and l3l I-iodoantipyrine show different relationships to hematocrit. 2 By simultaneously injecting these two isotopes into the coronary circulation and monitoring their rates of washout at various hematocrits, it was possible to directly assess the influence of hematocrit on blood flow measurements. In such an experimental design, differences in washout slopes would be a direct manifestation of differences in blood-tissue partition coefficients under the condition of the study (Eq. 8).
The corrected blood-tissue partition coefficient (X' bt ) is dependent on the corrected plasma-tissue partition coefficeint (X' B1 ), the cell-plasma partition coefficient (X cp ), and the cell volume fraction (H): 2 V b l = X' pt [l + (X CP -
As the hematocrit approaches zero, the ratio X' btx /\' b ,i, hence the ratio of the slopes (k x /k,), should approacĥ 'ptxA'pu-As the hematocrit level is elevated X' btx should increase because of high affinity of red cells for 133 Xe, and X' b ti should remain essentially unchanged because X cpl is approximately I: 2 therefore. X' btx /X' btI and k x /k, should increase with hematocrit. These predictions have been verified by the experimental data. Thus, at a hematocrit level of 10.0% the 133 Xe and 131 I-iodoantipyrine washout curves are nearly parallel to each other, k x /k, is 1.08 (Fig.  1 ). The ratio of k x /k, increases with hematocrit ( Fig. 3) .
The kx/^ ratio determined from the washout curves may be considered as a ratio of the dynamic blood-tissue partition coefficients for the two indicators. This dynamic ratio can be compared with the ratio X' btx /X' btI obtained under more static conditions. 2 The solid line in Figure 3 is the regression line between the experimentally determined k x /k| ratio and the hematocrit. The broken line in Figure 3 describes the relation between the static X' b | X /X' bt , ratio and the hematocrit determined for the dog left ventricle after in vivo equilibration studies. 2 Figure 3 is a commentary on the appropriateness of applying a blood-tissue partition coefficient, determined in a static condition, to a dynamic state. The variation of X' btx /X' bu ratio with hematocrit is in general agreement with the data obtained on the relation between k x /k, and hematocrit. Hence, the relative distribution of the isotopes is apparently similar whether they are administered in a single bolus injection or equilibrated for a longer period. Bassingthwaighte et al. 10 have pointed out the importance of considering the dynamic partition coefficient, which may differ from the static partition coefficient as a result of tissue nonhomogeneity, where different tissues possess large differences in isotope affinity. Indeed, the nonhomogeneity of tissues in the heart is clearly visible, and changes in isotope affinity with variation in tissue composition have been shown. 2 -"~1 3 The present finding of a general agreement between k x /k, and X' bix /X' bu ( Fig. 3) indicates either that there are offsetting errors in the determination of these static and dynamic partition coefficients, or perhaps that there is no significant difference between the values obtained under static and dynamic conditions.
When the blood flow was calculated with X btX uncorrected for trapped blood, the resulting F x values were approximately 6% higher than the F' x values calculated with X' btx corrected for trapped blood (Fig. 4) . This overestimation of blood flow by F x results from the presence in the myocardial samples of erythrocytes which have a high affinity for l33 Xe. A similar comparison of the blood flow values obtained from l3l I-iodoantipyrine washout shows that F, is only approximately 3 % higher than F^ (Fig. 5 ). This error introduced by not correcting for the trapped blood is smaller since the blood has only a slightly higher affinity than the tissue for l31 I-iodoantipyrine.
The significance of hematocrit variations on blood flow measurements may be demonstrated by a comparison of the blood flow F' calculated with the appropriate \ ' b t and the blood flow F' 45 calculated by using the \' b l obtained for hematocrit = 4 5 % without due consideration of the actual hematocrit. The F' 45 /F' ratio for 133 Xe varies significantly with hematocrit (data points in Fig.  7A ), and it is equal to unity only at a hematocrit of 4 5 % . This relationship reflects the magnitude of the error in blood flow determination due to neglecting the effect of hematocrit. These results provide evidence for the importance of considering the hematocrit effect in blood flow calculations from l33 Xe washout curves, when extreme variations in hematocrit are encountered. The F' 45 /F' ratio for I31 I-iodoantipyrine does not show significant variation with hematocrit (data points in Fig. 7B) .
The extent to which \' b t hanges with hematocrit in human myocardium has not been determined. If it is assumed that the V pt in humans is the same as that in the dog, then one can use the A' pl values determined for the dog 2 and the \ c p values for human blood 2 to calculate the human \' b t values as a function of hematocrit (Eq. 10). Since \ cpX in man lies closer to unity than in the dog, 2 the F' 45 /F' ratio calculated for 133 Xe in the human (broken line in Fig. 7A ) varies to a lesser extent with hematocrit as compared to the dog. On the other hand, the flow ratio calculated for l31 I-iodoantipyrine in man (broken line in Fig. 7B ) shows greater variation with hematocrit than that for the dog, since \ c p l for human blood lies further from unity than that for dog blood. 2 
